Introduction {#sec1-1}
============

Spinal cord injury (SCI) commonly causes neurogenic bladder, which seriously affects a patient\'s quality of life, and sometimes threatens a patient\'s life. Neuromodulation and neurostimulation are promising directions of treatment to rehabilitate the bladder. Many investigators have studied the inhibitory pudendal-to-bladder reflex by stimulating either the branch or the trunk of the pudendal nerve, and these have been successfully applied clinically (Groen et al., 2005; Spinelli et al., 2005; Boggs et al., 2006a). However, the excitatory pudendal-to-bladder reflex has not been well studied in dogs. Some experiments in cats have been done as pre-clinical studies, but there are no reports of any large-sample clinical application (Tai et al., 2006; Yoo and Grill, 2007). Pudendal nerve is the key nerve to control the lower urinary function. It is hypothesized that a neuroprosthetic device placed in the pudendal nerve trunk can control bladder function after suprasacral SCI. This study explores whether or not direct stimulation of the pudendal nerve trunk can elicit detrusor contraction and what the optimal parameters are in beagle dogs with intact and injured spinal cord. We provide an experimental basis for further development of a neuroprosthetic device based on pudendal nerve stimulation.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Four male beagle dogs were provided by the Experimental Animal Center of Capital Medical University in China (license No. SCXK (Jing) 2015-0005). Their average age was 15 months, range 8--20 months; average weight was 14 kg, range 10--18 kg. All protocols involving the use of animals in this study were approved by the Experimental Animal Committee of Capital Medical University in China.

Measurement of bladder function {#sec2-2}
-------------------------------

The dogs were intraperitoneally anesthetized with pentobarbital sodium (25 mg/kg) and restrained on an experimental table. Their bladder function was evaluated by cystometry when in anesthetized and conscious states. A 5F double lumen catheter (Cook Company, Spencer, IN, USA) was introduced through the urethra into the bladder. One lumen of the catheter was attached to a pump to infuse the bladder with saline at the rate of 5 mL/min, and the other lumen was connected to a pressure transducer to monitor the bladder pressure. A 12F dual lumen balloon catheter (Cook Urological Inc., Spencer, IN, USA) was inserted into the rectum approximately 10 cm from the anus and was connected to a transducer to monitor the abdominal pressure (Andromeda Urodynamic System, Taufkirchen/Potzham, Germany). Residual volume, after voiding, was measured by withdrawing the fluid through the catheter with a syringe. Bladder capacity was defined as the infused volume at which fluid leaked around the urethral catheter with or without a bladder contraction. Voiding efficiency and peak bladder pressure were used to evaluate the effectiveness of bladder contraction induced by filling or stimulation. Voiding efficiency was defined as the total voided volume divided by the total infused volume.

Pudendal nerve stimulation {#sec2-3}
--------------------------

The left pudendal nerve was accessed posteriorly between the sciatic notch and the tail. The right pudendal nerve was kept intact. A tripolar cuff electrode (NC223, Micro Probe, Inc, Gaithersburgh, MD, USA) was wrapped around the pudendal nerve at a location central to the deep perineal branch. After placement of the cuff electrodes, the leads were connected to a Grass S88 stimulator and stimulus isolator (Grass Medical Instruments, Natus Neurology Inc., Warwick, RI, USA). Uniphasic pulses (pulse width 0.2 ms) at different frequencies (0.5--50 Hz) were used to stimulate the pudendal nerve at an intensity determined by preliminary test. The actual intensity varied between dogs, within a range of 1--4 V. We can observe visible anal and tail contraction at these intensities without causing discomfort to the dogs. Pudendal nerve stimulation was applied at different bladder volumes. Multiple cystometrograms were performed in each dog. Parameters measured from multiple trials in the same dog were averaged.

The spinal cord was transected at the T~9--10~ vertebral level by a dorsal laminectomy under aseptic conditions. After full recovery from anesthesia, the dog was returned to the cage. The bladder was manually catheterized three to four times a day to prevent bladder over-distension and infection. Cystometry was repeated at different stages of SCI until stable reflex voiding was established. Approximately 3--4 weeks after spinal cord transection, spinal micturition reflexes in response to bladder distension or tactile stimulation of the perigenital region were prominent. The bladder function of SCI dogs was re-evaluated in anesthetized and conscious states. The excitatory pudendal-to-bladder reflex in SCI dogs was explored by electrical stimulation of the pudendal nerve trunk. The schematic diagram is shown in **[Figure 1](#F1){ref-type="fig"}**.

![Schematic diagram of the experiment.](NRR-11-676-g002){#F1}

Results {#sec1-3}
=======

Effect of anesthetics on micturition in dogs with intact spinal cord {#sec2-4}
--------------------------------------------------------------------

Anesthetics (pentobarbital sodium 25 mg/kg) had a significant effect on micturition. Under anesthesia, the dog manifested continuous urinary retention and high pressure in the bladder accompanied by overflow leakage of fluid from the meatus (**[Figure 2A](#F2){ref-type="fig"}**). When the dog was resuscitated, a normal micturition reflex was found. At the end of a cystometrogram, bursting voiding pattern occurred and the voiding was very efficient with little residual urine in the bladder (**[Figure 2B](#F2){ref-type="fig"}**).

![Cystometrogram in a dog with intact spinal cord.\
(A) Cystometrogram in the anesthetic state. The detrusor pressure increased gradually. At bladder capacity of 125 mL, overflow leakage occurred. (B) Cystometrogram in the same conscious dog. At a bladder capacity of 93 mL, detrusor pressure was stable during filling and reached a pressure of 43 cmH~2~O during voiding with a voiding efficiency of 99%. Pves: Vesical pressure; Pabd: abdominal pressure; Pdet: detrusor pressure; Vinf: infused volume; Le: leak urine; C: cystometry; ts: times.](NRR-11-676-g003){#F2}

Under anesthesia, the pudendal nerve trunk was electrically stimulated during a cystometrogram. Results showed that stimulation could induce detrusor contraction (excitatory pudendal-to-bladder reflex) at a volume larger than 40% capacity, and as the volume increased, the amplitude of induced detrusor contraction increased. At a given volume, 15--25-Hz stimulation induced the highest detrusor contraction compared with other stimulation frequencies (**[Figure 3](#F3){ref-type="fig"}**). With stimulation at volumes below 40% capacity, the bladder was continuously inactive even using different stimulation parameters (**[Table 1](#T1){ref-type="table"}**).

![Pudendal nerve stimulation in a dog with intact spinal cord, in the anesthetized state.\
(A) Stimulation at the bladder capacity (72 mL), 4 V, 20 Hz induced the highest detrusor contraction (64 cmH~2~O). (B) Detrusor pressures at a volume of 60 mL were consistently higher than those at a volume of 40 mL; 20 Hz elicited the highest detrusor pressure (67 cmH~2~O) at 60 mL. The upper line represents bladder pressure, and the bottom line indicates volume infused into the bladder. "72" indicates that the bladder capacity is 72 mL. "64" and "67" are the mean of the bladder contraction pressures, in cmH~2~O, resulting from the stimulation of the pudendal nerve. Pdet: Detrusor pressure; Vinf: infused volume; ts: times.](NRR-11-676-g004){#F3}

###### 

Measurements for each dog under different experimental conditions\*

![](NRR-11-676-g005)

Anesthetics effect on micturition in SCI dogs {#sec2-5}
---------------------------------------------

In SCI dogs, pentobarbital anesthesia had little effect on urodynamic pattern and parameters (**[Figure 4](#F4){ref-type="fig"}**). The voiding induced by bladder distension was very inefficient. When the bladder was filled at the rate of 5 mL/min, several reflex bladder contractions appeared first, but no voiding was observed. These initial reflex bladder contractions were defined as non-voiding contractions. When the bladder volume increased, a reflex bladder contraction was defined as a voiding contraction, which could elicit the release of saline around the urethral catheter, and this volume was defined as the bladder capacity.

![Cystometrogram in a dog with spinal cord injury (the same dog as [Figure 2](#F2){ref-type="fig"}).\
(A) The bladder capacity 38 mL, peak detrusor pressure 41 cmH~2~O, residual volume 34 mL, in the anesthetic state. (B) The bladder capacity 47 mL, peak detrusor pressure 41 cmH~2~O, residual volume 43 mL in the conscious state. We found similar detrusor over activity during filling and low voiding efficiency at approximately 7%. Pdet: Detrusor pressure; Vinf: infused volume; ts: times.](NRR-11-676-g006){#F4}

Repeated tests in four SCI dogs revealed a consistent detrusor over activity and low voiding efficiency with large residual volume, though the bladder capacity of each dog varied considerably (**[Table 1](#T1){ref-type="table"}**).

Voiding induced by pudendal nerve stimulation in SCI dogs at the bladder capacity {#sec2-6}
---------------------------------------------------------------------------------

As exhibited in **[Figure 5](#F5){ref-type="fig"}**, during slow infusion of saline, the bladder started rhythmic contractions with the amplitude gradually increasing until a voiding contraction appeared. When the infusion was stopped, 120 mL of saline had been infused into the bladder. Pudendal nerve stimulation at different frequencies (0.5--50 Hz) was then tested at the capacity during the rhythmic detrusor contractions. The stimulation intensity was determined by a preliminary test. At this stimulation intensity, anal sphincter contractions were clearly observable. Stimulation excited the bladder by increasing the amplitude and duration of the contractions more than those induced by bladder distension.

![Effect of pudendal nerve stimulation at different frequencies on bladder contraction during rhythmic detrusor contractions in a dog with spinal cord injury.\
Electromyogram (EMG) activities are a measure of the duration of stimulation. Stimulation at intensity of 1.5 V, pulse width of 0.2 ms and frequency 15--20 Hz induced the highest detrusor contraction (52 cmH~2~O). Pves: Vesical pressure; Pabd: abdominal pressure; Pdet: detrusor pressure; Vinf: infused volume; Le: leak urine; C: cystometry; ts: times.](NRR-11-676-g007){#F5}

Changes induced by pudendal nerve stimulation in SCI dogs at a volume of 30% capacity {#sec2-7}
-------------------------------------------------------------------------------------

When the infusion was stopped at a volume of 30% capacity (**[Figure 6](#F6){ref-type="fig"}**), the bladder was inactive in the absence of stimulation. Stimulation at frequencies 1--40 Hz could elicit the bladder contraction, with the highest detrusor pressure (50 cmH~2~O) obtained at 15--20 Hz.

![Cystometrogram of a dog with spinal cord injury (the same dog as [Figure 5](#F5){ref-type="fig"}) with stimulation at 30% capacity.\
15--20 Hz induced the highest detrusor contraction amplitude (50 cmH~2~O) than other frequencies. Pves: Vesical pressure; Pabd: abdominal pressure; Pdet: detrusor pressure; Le: leak urine; C: cystometry; ts: times; EMG: electromyogram.](NRR-11-676-g008){#F6}

Discussion {#sec1-4}
==========

It is well known that most anesthetics interfere with the micturition. In our study in which recovery from anesthesia was required, we chose pentobarbital sodium as the anesthetic because of its established long-lasting stable anesthetic level and low toxicity for recovery. Our study indicated that pentobarbital sodium had a significant effect on the micturition in dogs with intact spinal cord but little influence in SCI dogs. Thus, we consider that the micturition study under anesthesia was almost the same as that in conscious SCI dogs. The site of action by pentobarbital is mainly the reticular formation of the brain stem and higher centers. However, in SCI dogs, the connection between brain stem and primary sacral center is interrupted, thus phenobarbital has little additional effect on micturition in SCI dogs.

The excitatory perineal-to-bladder reflex, which exists in neonatal kittens, can be activated by their mother licking the perineal area to induce voiding (De Groat, 1975). This excitatory reflex is suppressed in later development. In adult animals with an intact spinal cord, micturition is mediated by a spino-bulbo-spinal reflex involving the pontine micturition center. The pontine micturition center coordinates the activity of the bladder and the urethra, so that during storage the bladder is quiescent and the urethra is closed. Whereas the bladder contracts and the urethra relaxes during voiding, after SCI, this coordination is lost due to the absence of supraspinal control. The spinal reflexes of the lower urinary tract undergo significant plasticity (de Groat et al., 1993). Reflex micturition is mainly triggered by C-fiber afferents in the pelvic nerve (de Groat et al., 1990, 1998) instead of Aδ fibers. This spinal reflex results in frequent bladder contractions during storage, inefficient voiding and a large residual bladder volume (Burns et al., 2001; Jamil, 2001).The leakage of urine will reduce tension in the bladder wall, and, in turn, reduce the excitatory input to the bladder-to-bladder spinal reflex pathway. Therefore, only small, short-lasting bladder contractions and release of saline from the bladder occurred. The excitatory perineal-to-bladder reflex also reappears. Mechanical stimulation of the perigenital area in SCI cats induced bladder contractions, while direct pudendal nerve stimulation in cats induced bladder contractions (Tai et al., 2007a). The plasticity underlying the pudendal-to-bladder reflex after chronic SCI could involve at least two mechanisms. One possibility is that during postnatal development, the tonic descending inhibitory influence from the brain turns off the primitive excitatory reflex circuitry in the spinal cord. Interruption of these descending connections in older animals then causes the re-emergence of the neonatal reflex pattern. A second possibility is that, during postnatal development, elimination of primary afferent terminations in the spinal cord or pruning of excitatory interneuronal inputs to bladder parasympathetic preganglionic neurons is responsible for postnatal loss of reflexes. Whereas following SCI, restoration of synaptic connections leads to the recovery of the neonatal reflexes (Tai et al., 2011). The same is shown in the present study on dogs with intact spinal cord and SCI. The excitatory response is frequency- and volume-dependent. The optimal stimulation frequency is 15--25 Hz. At larger bladder volume, the bladder contraction is more easily elicited and has larger amplitude.

Our study was a prospective survival experiment, so the bilateral ureters were not ligated, which might have some influence on the accuracy of bladder volume determination. The voiding efficiency of SCI dogs in our study was lower compared with other reports (Boggs et al., 2006b; Tai et al., 2007a). We consider that the urethral catheter might have a certain effect on voiding due to direct mechanical obstruction or sphincter-to-sphincter reflex action, which aggravates the already present detrusor-sphincter-dyssynergia. It would be preferable to use a suprapubic cystostomy for infusion and pressure recording. However, in dogs with intact spinal cord, the urethral catheter had little effect on voiding. Thus, we considered the main cause of low voiding efficiency was detrusor-sphincter-dyssynergia as a consequence of SCI. Different voiding pattern in different species might be another reason that dogs have a bursting pattern while cats have a continuous pattern. In our study, we applied continuous mid-frequency stimulation, which was a different procedure from those in previous reports (Boggs et al., 2006b; Tai et al., 2007a). Intermittent, short-burst stimulation of the pudendal nerve might improve voiding efficiency further. Another measure to improve voiding efficiency might be combined with high-frequency blocking of the pudendal nerve (Tai et al., 2007b). Selective stimulation of the secondary branches of the pudendal nerve may be an alternate means to improve voiding efficiency (Yoo et al., 2008; Bruns et al., 2009).

In summary, there is an excitatory pudendal-to-bladder reflex in dogs. Large bladder contractions could be induced by direct electrical stimulation of the pudendal nerve trunk. The development of treatment based on this would have valuable clinical applications. It may contribute to a new voiding mode in SCI patients. Yet it will be necessary to improve the voiding efficiency before it is applied clinically.
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